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INTRODUCTION 

This  i s  the  semi-annual s ta tus r e p o r t  f o r  NASA Research 

, Grant #NGL-O9-11-006, 'for the per iod -covering J u l y  1, 1969 t o  

I December 31, 1969. During t h i s  period, Apol lo 11 returned 
\ 

from i t s  unprecedented t r i p  t o  the moon. Also dur ing  t h i s  peri.od, 

our labora tory  was made ready t o  cont r ibu te  t o  man's knowledge o f  the 

, moon by making magnetic studies o f  some o f  the lunar  f ines .  The 

' I  

l magnetic proper t ies o f  several glass spherules from the bulk  f i n e s  o f  

Apol lo 11 have been invest igated.  Our f i nd ings  from t h i s  inves t iga-  

t i o n  have been accepted f o r  pub l i ca t i on  i n  Geochimica e t  Cosmochimica Acta, 

1970. This  pub l i ca t i on  summarizes our major e f f o r t s  f o r  t h i s  per iod 

and i s  there fore  submitted as the semi-annual s ta tus  repor t .  
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ABSTRACT 

c_-.c 

The magnetic p roper t ies  o f  e i g h t  glass spherules (0.02-1.5 mg) 

from the bulk  lunar  f ines have been invest igated.  

strong paramagnetism due t o  Fe+*, and most o f  the  Specimens a l so  showed 

A l l  o f  the specimens showed 

s o f t  and hard ferromagnetic components. The i r o n  i n  the  form o f  spheres 

i s  the source o f  the hard magnetic component and the amount persent i s  

ca lcu lated from the h igh f i e l d  sa tura t ion  magnetization, and from the 

temperature-independent s u s c e p t i b i l i t y  a t  low and h igh temperatures. 

Essent ia l ly ,  the same amount o f  i r o n  ( less  than 1%) can be determined by 

a l l  three methods conf i rming t h a t  the hard component i s  due t o  n i cke l -  

i r o n  o r  i r o n  spheres i n  the glass. The s o f t  component i s  due t o  odd-shaped 

fragmental i r o n  o r  ferromagnetic minerals. No s i g n i f i c a n t  superpara- 

magnetism was observed. 

-- 
. I *  

*Publ icat ion author ized by the Di rector ,  U.S. Geological Survey 

/ '  



INTRODUCTION 

-- 

I,. , 

The p r e l  iminary measurements o f  the magnetic p roper t ies  o f  
1 

the returned lunar  samples from the apo l l o  11 mission showed t h a t  the 

magnetic s u s c e p t i b i l i t y  o f  the f i nes  was s i g n i f i c a n t l y  higher than t h a t  o f  

the brecc ia and the c r y s t a l l i n e  rock (LSPET, 1969). More d e t a i l e d  

magnetic measurements have subsequently been ,reported b r i e f l y  by others 

(Doell e t  a1 . , 1970; Helsley, 1970; Larochel le and Schwarz, 1970; 

Strangway, Larsen, and Pearce, 1970; Nagata e t  a1 , 1970) on the  

c r y s t a l  1 i ne rock, b r e c c i y & q d  the bul  k f ines .  / 

The i r  r e s u l t s  i n d i _ c a - t c t h d t h e  major - magnetic p roper t ies  

._ ._ - 

\I / 
-._ 

- -  
,-- 

are due t o  several ferruginous minerals as we l l  as t o  m e t a l l i c  i r on .  

It i s  c lea r  t h a t  t o  study adequately the fundamental magnetic 

proper t ies some separat ion o f  mineral  components must be made. I t i s  

the purpose o f  t h i s  i nves t i ga t i on  t o  study the magnetic p roper t ies  o f  --.. 

the i nd i v idua l  g lass spherules i n  the lunar  f ines ,  and compare the data 

w i t h  the r e s u l t s  observed by others on the rock and bu lk  specimen's 

o f  f ines.  

- 

I 
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' . ,  

. .  EXPERIMENTAL MEASUREMENTS A L , ,' 

. .  . .  
a 

. I  

L . , . ,. 
I '  

. .  * 
. .  

Eight  indiv1,dual glass spherule8 ranging i n  weight from I ,  

0.02  mg t o  1.5 mg 'were picked from the  bulk l u n a r  f i n e s  f o r  
b 

. . detailed study. Magnetic s u s c e p t i b i l i t y  measurements have 

been made wi th  a q u a r t z  h e l i c a l  s p r i n g  balance o r  a aemi- 

automated Cahn suspension balance depending on t h e  experiment 
. and s i z e  of t h e  sample. The a n a l y t i c a l  technique i s  described - 

' elsewhere ( S e n f t l e  e t  a1 1958; Thorpe and S e n f t l e ,  1959; 

S e n f t l e  and n o r p e ,  1963). Two b a s i c  measurements have been 

+ made on a l l  the  specimens (a )  magnetic s u s c e p t i b i l i t y  as a 

f u n c t i o i  of magnetic f i e l d  a t  room temperature and, (b) 

magnetic s u s c e p t l b f l i t y  as a funct ion  of temperature down t o  

77OK a t  cons tan t  magnet10 f ie ld .  For f o u r  of the  samples (b )  

I ,  

, was performed a t  s e v e r a l  cons tan t  magnetic f ie lds .  T o  

-c .. obta in  the t o t a l  I r o n  and t i tanium, e l e c t r o n  probe ana lyses  -- 
were made on some of the specimens. For i n t e r p r e t a t i o n  purposes 



. (  

I \ 6 ,\.I,;' d , ROOM-TEMPERATURE MEASUREMENTS 

' .  

, 1  

. . .  . . .  

Figure 1 shows room-temperature p l o t s  of the  magnetic 

s u s c e p t i b i l i t y  as a func t ion  of  r e c i p r o c a l  f i e l d  a t  low mag- 

n e t i c ' f i e l d s  ( lees  than  4000 oe) for s e v e r a l  glass spherulea. 

The s t r a i g h t  l i n e  curve8 are based on t h e  equation: 

Y 

where Xa is t h e  magnetic s u s c e p t i b i l i t y  as measured f o r  l o w .  

f ie lds ,  Ha; Xo is the  ex t r apo la t ed  s u s c e p t i b i l i t y  at  i n f i n i t e  

f ie ld ,  and 6 1 s  t h e  s a t u r a t i o n  i n t e n s i t y  of magnet izat ion 
(Owen, 1912; Honda, 1910). 

s a t u r a t i o n  magnetization of any s o f t '  ferromagnetic component, 

t h a t  is any component which s a t u r a t e s  a t  f i e l d s  less than  

, .  
, I  . - 

I n  this paper we u8e 6 as t he  

0.8 koe, and I, as t h e  s a t u r a t i o n  magnetization of any hard 

ferromagnet ic  components, -those which s a t u r a t e  a t  f i e l d s  

g r e a t e r ' t h a n  4 koe. 

* ... - - 

As I = XHa, where X I s  t he  magneFic 

8u8Cep t ib i l i t y  p e r  gram, then f o r  a pure paramagnetic substance,  

the  term CT/Ha I s  z e r o  1.e. the s lope  of  t h e  l i n e s  w i l l  be zero, , 

Al te rna t ive ly ,  a s t ra ight  l i n e  w i t h  a . p o s i t i v e  s lope  l n d i -  

c a t e s  the  presence of a ferromagnetic substance which reaches 

magnetic s a t u r a t i o n  l.e, Xa I s  l i n e a r l y n f i e l d  dependent a t  

low f ie lds .  From t h e  va lues  of  6 shown i n  T a b l e ~ l , - , a l l - t h e ~  

glass spherule8 con ta in  some easily s a t u r a b l e  ferromagnet ic  

material, probably *fragments of i r o n ,  nickel-Iron,  o r  i r o n  

minerals,,  If t h e  temperature I s  high enough 80 that both 

the  metal and glass are i n  a molten s ta te ,  the  difference I n  

b 

\ 
\i 

-pro-\ 

surface tension between the i r o n  and glaaers i's such that the /' 



\ metal would take on a spherical  shape i f  t h e  time i n  t h e  

l i q u i d  state were s u f f i c i e n t l y  long. As we have po in ted  

out  i n  our  s t u d i e s  of s y n t h e t i c  i r o n  and n a t u r a l  n i cke l - i ron  

spheres found i n  t e k t i t e s  (Senf t l e ,  Thorpe and Lewis ,  19641, 

i r o n  OF n icke l - i ron  spheres w i l l  n o t  reach magnetic s a t u r a t i o n  
L a  

except i n  f ie lds  greater than 6000 oe, .owing t o  the shape 

obse.rved i n  Figure 1 at f i e lds  of &ess than 4000 oe may a l s o  . I 

* 1  

dependenay of t he  demagnetizing f i e l d .  The s a t u r a t i o n  

I .  

i n d i c a t e  tha t  some o f  the m e t a l l i c  i nc lus ions  are fragmentary 

or dev ia t e  s i g n i f i c a n t l y  from t r u e  sphe roc i ty ,  . .  
Figure 2 it! a p l o t  of t h e  magnst izat ion pe r  gram, I, a t  

~ _. . I' room temperature a8 a func t ion  of the magnetic f i e l d  up t o  
~ - -  

11,000 oe f o r  the  same specimens. For t h e  f ie lds  used i n  these 

experiments, one would expect a s t r a igh t  l i n e  r e l a t i o n  if the  I 

. ,  

. *  

magnetic spec ie s  were e n t i r e l y  paramagnetic L e .  i n  t he  i o n i c  

state. Sa tu ra t ion  a t  t h e  higher  f ie lds  aga in  i n d i c a t e s  the  

presence of a ferromagnet ic  spec ie s  i n  add i t ion  t o  a paramag- 

n e t i c  component, but n o t '  the  same ferromagnet ic  species 

--_ --... 

r e spons ib l e  f o r  the  s lope  of the  curves i n  Figure 1. I n  

FSgure 2 t h e  high f1dQds r equ i r ed  for s a t u r a t i o n  i n d i c a t e  t h a t  
L . .  /--' ,-- 

* -* 

, a harder ferromagnet ic  .componYt i s  a l s o  p re sen t .  

ferromagnet ic  component does no t  show up i n  the  curves i n  

The s o f t  ' 

*,.--- 

/- 

\* - " , * Figure 2 becayse It I s  a t  least 10 times lower i n  I n t e n s i t y  ' 3  

I + t h a n - t h e  hard componente For example, specimen No, 2 does 

not  show s a t u r a t i o n  (Figure 2 ) ,  bu t  the same specimen does 

have a s i g n i f i c a n t  s o f t  ferromagnet ic  component (F igure  I),  

As w l l i  be shown i n  the next  section, this is due t o  the masking 

f .  

, 

- 
. I  , -. 

' &  ' .$'feet 'of the  r e l a t i v e l y  small soft.  ferromagnet ic  component 



by the much more in tense paramagnetic component. 

4 

I '- 

The sa tura t ion  phenomenon which takes place between 9000 oe and 

10,000 oe i n  these specimens, i s  s i m i l a r  t o  t h a t  found f o r  i nd i v idua l  .I.< 3 

n icke l  - i r o n  spherul es '( Senf t l  e, Thorpe and Lewi s , 1964). A1 though 

magnetization curves f o r  ' i r o n  spherules containing. a few percent n i cke l  

saturate a t  about 6000 oe, the apparent higher f i e l d s  requi red t o  

saturate the lunar  glass spherules can be explained by the r e l a t i v e l y  

I' 

l a rge  amount o f  i r o n  i n  the paramagnetic s t a t e  i n  these glasses. 

paramagnetic component superimposed on the ferro-magnetic component w i  11 

r e s u l t  i n  a s h i f t  o f  the sa tura t ion  p a r t  o f  the- curve toward somewhat higher 
- -- \ 

f i e l d s .  I t  i s  suggested'aat the har f6rromagnetic component may be due 

t o  m e t a l l i c  i r o n  spheres y i t w g l a s s  spherules. I f  one assumes pure 

i r o n  ( IS=212emu/g) as a reasonable approximation, then one can ob ta in  the 

percent o f  m e t a l l i c  i r o n  i n  the form o f  metal spheres w i t h i n  the  glass. 

This tu rns  ou t  t o  be 0.37 t o  0.83  percent as shown i n  Table 2, column 5, 

A l a rge  

,_ 

- 
p! 

-_ _- - 
I-- 

a value no t  incons is ten t  w i t h  the estimates o f  o ther  inves t iga tors  ----. 

(Larochel le and Schwarz, 1970; Nagata e t  a1 , 1970; Strangway, Larsen and 

Pearce, 1970; Runcorn e t  a1 

presence o f  many small m e t a l l i c  spheres ( c  i p  ) i n  pol ished sect ions o f  

- 

1970).  M i  crsscopi c examination showed the 

glass spherules No. 1 and 5, and la rge  spheres (up t o  l o p )  i n  spherule 

No. 3 ,  b;t no spheres i n  spherules No. 2 o r  4 ,  which confirms the  

magnetic measurements. 

l a rge r  m e t a l l i c  spheres i n  glass spherule No. 3 showed weight percent 

compositions o f  (91.6 Fe, 3 .7  N i  and 5 . 7  S) and (92.2 Fe and 7 . 3  N i )  

respect ive ly .  

o f  the m e t a l l i c  spheres s l i g h t l y .  

ferromagnetic minerals such as magnetite could a l i o  cont r ibu te  t o  the  

sa tura t ion  magnetization bu t  there i s  no evidence t h a t  Fe304 i s  present 

i n  s u f f i c i e n t  quan t i t y  t o  account f o r  the values o f  I, shown i n  Table 1. 

E lect ron microprobe analyses on two o f  the 

Ni-Fe minerals may r a i s e  the f i e l d  requi red f o r  sa tu ra t i on  

It i s  t h e o r e t i c a l l y  poss ib le  t h a t  

/ 



LQW-TEMPERATURE MEASUREMENTS 

\ .  
b 

The magnetic s u s c e p t i b i l i t y  of the, e i g h t  glass spheru le8  
'\ 

as a func t ion  of r k c i p r o c a l  temperature i s  shown i n  F igure  3. 
' All b u t  one of t h e  specimens were measured I n  a f i e l d  of. 

I ,  i 

1 3380 08. Specimen.No. 6 was too  magnetic a t  t h i s  f i e l d  t o  

. be measured on ou r  balance,  and had t o  be run a t  a lower . \ 
magnetic f i e l d  (see capt ion ,  F ig ,  3). A pure ly  Paramagnetic 

' I  aubstance should fo l low t h e  Curie law X - C/T. .However, as 

, we have po in ted  out  i n  t h e  case of t e k t i t e s  (Thorpe aid 

I Senftl 'e ,  1964) , a paramagnetic glass con ta in ing  NI-Fe .spheres 
- - 

/I 

;/ 
- r  

fol lows a modified Curie law: 

I 

X C/T + XI + Xg ( 2 )  
I 

where T i s  the  abso lu te  temperature,  Xf i s  the  temperature- I 

, independent s u s c e p t i b i l i t y  of the met ,a l l ic  spheres, and Xg 

i s  the  b a s i c  diamagnetism of t h e  glass. The s lope  of , the 

l i n e s  i n  Figure 3 i s  the  Curie cons t an t ,  C,  as given in.. 

..._ 
---r, 

. c- -. . . .  

ry 

Table 1, 

the  glass 

. glass and 

1 1  

. ,  . 

' . '  cor rec t ed  

Assuming an approximate diamagnetic c o r r e c t i o n  for 

matr ix  of - 0 . 4 ~ 1 0 " ~  emu/g as found f o r  t e k t i t e  

c o r r e c t i n g  XI t o  1 / H  .I 0 ( s e e < F i g u r e  1) t h e  I * \  

\ values  of t he  temperature-independent s u s c e p t i b i l i t y ,  , 

XI, ape ' t a b u l a t e d  i n  Tab le  IC 

~ e + *  ( p  - 4.92') i n  the  glass o r  p a r t i c u l a t e  mineraxs trapped 

' i n  t h e  g l a s s ,  I one can c a l c u l a t e  t h e  pe rcen t  i r o n  a8 shown 

i n  Table 2 (see 'Thorpe and Senf t l e ,  1964). 

Assuming that the  Curie cons tan t  i s  due p r i m a r i l y  t o  

. .  
The c a l e u l a t e d  . .  

/' 
m 
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ui 

- values are i n  good agreement w i th  the t o t a l  i r o n  obtained by e lec t ron  

probe. 

essen t ia l l y  a l l  Fet2. 

i r o n  i n  the two glass spherules No. 2 and No. 4 i s  confirmed by the 

lack o f  sa tura t ion  o f  t e a g n e t i z a t i o n  curves (F igure  2)  

With the exception ,.-- o f  s p e d n s  No. 2 and'No. 4, the 

This ind ica tes  t h a t  the t o t a l  i r o n  present i n  the glass i s  

The absence o f  any s i g n i f i c a n t  amount o f  m e t a l l i c  

I 

/ 

magnitude o f  the temperature -.. independent-suscepti b i  li t i e s  , XI , i n  Figure 

3 are over 100 times t h a t  found i n  t e k t i t e s .  This i s  much too h igh t o  be 

ascribed t o  a paramagnetic component. 

Senft le,  1964) i t  was shown t h a t  the temperature-independent suscepti  b i -  

I n  a previous paper (Thorpe and 

l i t y  o f  m e t a l l i c  spheres o f  near ly  pure i r o n  (up t o  5% N i )  was 3xlO'*emu/g. - 
I f  we assume t h a t  the hard magnetic component discussed i n  the previous 

sect ion i s  due t o  Ni-Fe spheres i n  the glass, one can ca lcu la te  the 

concentrat ion o f  n i cke l - i r on  i n  the form o f  m e t a l l i c  spheres. 

hard magnetic component due t o  m e t a l l i c  spheres i n  ca lcu lated i n  Table 2 

from the temperature-independent suscepti  b i  1 i ty and general l y  agrees 

w i t h  t h a t  ca lcu lated from the sa tura t ion  magnetization o f  Figure 2. 

This s t rong ly  suggests t h a t  the hard magnetic component i s  indeed 

due t o  n i c k e l - i r o n  o r  i r o n  spheres i n  the glass as suggested by the 

The 

L--c 

. magnetization measurements. 

The high t i t an ium content o f  specimens ,No-. 1, 2, 3, and 5 i s  

p a r t i c u l a r l y  i n te res t i ng .  Several inves t iga tors  (Rose, C u t t i  t t a  and 

Dwornik, 1970; Weeks e t  a1 , 1970) have suggested the presence o f  Tit3 

i n  the lunar  sample. Tit3 has a magnetic moment o f  1.73 Bohr magnetons 

whereas Tit4 has a zero magnetic moment; thus Tit3 would c l e a r l y  increase 

the slope (Curie constant) s i g n i f i c a n t l y  above t h a t  found experimental ly. 

Thus, a t  l e a s t  .in these specimens, there i s  no evidence f o r  the existence 

of any s i g n i f i c a n t  amount o f  Tit3. It i s  poss ib le  t h a t  the  t i t an ium 

/' 



i s  i n  the form o f  i lmeni te ,  bu t  i lmen i te  i s  ant i ferromagnet ic and the 

X vs 1/T p l o t  (Figure 3) f o r  these specimens do no t  show a s i g n i f i c a n t  

ant i ferromagnet ic component. The on ly  other feas ib le  answer i s  t h a t  

the t i t an ium i s  i n  the’ T i t4  ’s ta te i n  some mineral such as T i O p  

Ferropseudobrooki t e  and Ti02 have been reported i n.1unar samples 

(Ke i l  e t  a1 1970; Anderson e t  a1 1970) 

. 

! -... 

/‘ 



HIGH-TEMPERATURE MEASUREMENTS 

To conf i rm t h a t  the hard ferromagnetic component i s  due t o  

i r o n  o r  n i c k e l - i r o n  spheres i n  the glass and a lso t o  check roughly 

the p u r i t y  o f  the metal 1 i c  spheres , the suscepti b i  1 i ty o f  specimen 

No. 3 was measured from room temperature up t o  about 1050°K i n  helium 

t o  determine the Cur ie temperature. The specimen was allowed t o  remain 

a t  each temperature long enough t o  ensure equi l ibr ium.  Measurements were 

made up t o  933°K the f i r s t  day. 
, - 8  
' On the second day the room temperature 

YJalue was remeasured and then the temperature increased t o  over 1 000°K 

t o  complete the curve. 

was repeated. Thus, the magnetic s u s c e p t i b i l i t y  heat ing and cool ing 

curves were shown t o  f o l l o w  the same path (see Figure 4). Th is  i s  

F ina l l y ,  another room temperature measurement 

contrary  t o  the r e s u l t f o b t a i n e d  by others on the c r y s t a l l i n e  rock and 

breccia, (Strangway, Larsen and Pearce 1970; Doel l  e t  a l ,  1970; Helsley, 

1970; Nagata e t  al-, 1970; Larochel le and Schwarz, 1970). A f t e r  several 

weeks of exposure t o  the  atmosphere s i m i l a r  measurements on glass spherules 
-, 

No. 5 and No. 6 showed signs o f  s i g n i f i c a n t  ox ida t ion  (higher Cur ie  

temperatures) whereas spherule No. 3 showed very l i t t l e  change. 

major obvious d i f f e rence  between spherule No. 3 and the  o ther  two 

spherules i s  the s i ze  o f  the included m e t a l l i c  spheres. The very small 

metal spheres i n  specimens No. 5 and No. 6 would be ox id ized much 

easier than the l a r g e r  spheres i n  specimen No. 3. 

The 

The drop i n  t o t a l  magnetic s u s c e p t i b i l i t y  o f  the glass between 

300°K and 500°K i s  due t o  the decrease o f  the  paramagnetic component due t o  

Fet2 w i t h  r i s e  i n  temperature. The s u s c e p t i b i l i t y  o f  the f l a t  p o r t i o n  o f  

the curve, w i t h  a f u r t h e r  increase i n  temperature, i s  due t o  the 

temperature4 ndependent suscepti b i  1 i ty of the i r o n  spheres. U1 t imate ly ,  

/' 



the suscepti  b i  1 i ty decreases w i t h  increasing temperature , because 

of the loss o f  ferromagnetism i n  the i r o n  above 1043°K. The mid-point .  

o f  the f l a t  region corresponds t o  a s u s c e p t i b i l i t y  o f  about 163 x lom6 
emu/g. If we take 3 x' l o - *  emu/g as the s u s c e p t i b i l i t y  o f  n i c k e l - i r o n  

spheres (Senft le,  Thorpe and Lewis, 1964) one ca lcu lates 0.54 percent 

n icke l - i ron .  This i s  almost the same amount ca lcu lated by the previous 

methods (See Table 2). 

The Curie temperature was found t o  be 1040°K i .e .  c lose t o  

t h a t  o f  pure i ron .  

average n i cke l  'content  i s  probably less  than 5 percent even though 

e lect ron probe analys is  on one o f  the metal spheres showed 7.3 

percent n i cke l  

Within the l i m i t s  o f  e r r o r  o f  the experiments, the 

.. 

Y 
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SUPERPARAMAGNETISM 

The r e s u l t s  o f  several inves t iga tors  (Runcorn e t  a l ,  1970; 

Nagata e t  a l ,  1970) have suggested the presence o f  a superparamagnetic 
L 

component i n  the returned lunar  f i n e s  and indeed Nagata e t  a1 (1970) 

have proved the lunar  f i nes  do contain such a component. 

To see i f  t h i s  component was present i n  the glass phase o f  the 

lunar f ines ,  four  of the glass spherules (No. 's  3, 5, 6 ,  7) were 

measured a t  low temperatures and a t  various f i e l d s  (2000 oe - 4000 oe). 

I n  a l l  o f  the specimens measured the magnetization showed a d i f f e r e n t  

I 

I t ,  I 

l i n e a r  re la t i onsh ip  w i t h  H/T f o r  each f i e l d  such as shown i n  Figure 

5 f o r  specimen No. 5. 

way. 

These l i n e s  can be explained i n  the fo l l ow ing  

I f  a superparamagnetic component i s  present then the t o t a l '  

magnetization, M, can be expressed as a sum o f  the magnetization 

due t o  each component. Thus 

T 
M = !!, +c+ I + f(H/T) 

/ - -  \., --_ -. 
/ {--- 

where CH/T i s  the paramagnetic term,$ i s  the s o f t  ferromagnetic. 
/--1 

component , I i s  the hard,-ferromagnetic component due t o  ,metal 1 i c  spheres , 
and f (H/T) i s  the superparamagnetic component. 

component i s  saturated and therefore c i s  constant. 

The s o f t  ferromagnetic 
-... 

The magnetic 

s u s c e p t i b i l i t y  o f  n i cke l - i r on  spheres below 2000 oe i s  both temperature 

and f i e l d  independent and changes on ly  s l i g h t l y  between 2000 oe and 4000 

oe. Therefore, t o  a f i r s t  approximation one can assume the s u s c e p t i b i l i t y  

t o  be constant and equal t o  3 x lom2 emu/g. 

equal t o  3 x lom2 H. 

Thus, I i s  approximately 

By subs t i t u t i ng  t h i s  i n  the equation i t  i s  c lea r  

t h a t  i f  _one p l o t s  the magnetization o f  a system containing a l l  f ou r  o f  

these components against  H/T, the po in ts  would no t  necessar i ly  f a l l  on 
/' 



,the same curve as i s  usually used t o  show the presence of superpara- 

magnetism. If b o t h  I and f (H/T)  are significant--terms one would 

ob ta in  a different non-linear curve, one for each field. 

i f  f (H/T)  was small or' absent, and, i f  CH/T and I were relatively 

Likewise, 

large, one would obtain a family of s t r a i g h t  lines-as shown i n  Figure 5. 

Therefore, if there is a superparamagnetic component i n  these samples, 

i t  must be small compared w i t h  the paramagnetic or  ferromagnetic 

components. 

Y 

/' 



SUMMARY 

Magnetic s t u d i e s  of' i n d i v i d u a l  glass sphe ru le s  i n  t h e  

luna r  f i n e s  of t h e  'Apollo 11 .samples showed cons iderable  var- ' 

. i a t i o n '  from specimen t o  specimen. A l l  of t he  specimens showed . .  
# 

, 

I ,  
a paramagnetic component due p r imar i ly  t o  Fe+*, No evidence 

, '  of the  paramagnetic specie8 of titanium, Ti+3 ,  waB observed. 

. ' Most of' t h e  glass sphe ru le s  contained a s o f t  and a hard 

L 

* ' ferromagnet ic  compone'nt. The t o t a l  magnetic s u s c e p t i b i l i t y ,  

,IC, of the  glass sphe ru le s  i n  the l u n a r  f i n e s  o m  be r ep resen ted  

where Xp i s  t h e  sum o f q h e  paramagnetic -components p r imar i ly  r\ 
, *  

/ -  fl 
, I  

(i' , I .  I 

' 

due t o  F d 2  I n  t h e  g l a sa ,  X aryf XH are the  s o f t  and hard 
* I - . I  * ' >--8, 

* ,  

, ferromagnet ic  components, r e spec t ive ly ,  
L..". ,- -- 

The .data i n d i c a t e s  tha t  t he  hard component is d u e . t o ' .  
. .  
. o  

I, 1 

* #  

. I  \ I , ' !  ,) i r o n  o r  n icke l - i ron  spheres whereas t h e  s o f t  component. is 

due t o  deformed b lebs  o r  i r r e g u l a r  fragments of the same, 
j ' 1  ' 

I 
I '  

1 lli 
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FIGURE CAPTIONS 

c_____ 

Figure 1 -- Magnetic S u s c e p t i b i l i t y  as a func t ion  o f  rec ip roca l  

magnetic f i e l d  f o r  glass spherules a t  room temperature. 

Figure 2 -0 Magnetization as a func t ion  o f  magnetic f i e l d  for. 

glass spherules a t  room temperature. 

Figure 3 -- Magnetic S u s c e p t i b i l i t y  as a func t ion  o f  rec ip roca l  

temperature in ,  a magnetic f i e l d  o f  3380 oersteds. 

Specimen 6 was measured i n  a f i e l d  o f  2770 oersteds. 

Figure 4 -0  Magnetic s u s c e p t i b i l i t y  o f  specimen No. 3 as a 

func t ion  o f  temperature above room temperature. Dashed 

l i n e  ind icates the magnetic s u s c e p t i b i l i t y  o f  the mid-point  

o f  the f l a t  po r t i on  o f  the curve, 

Figure 5 -- Magnetjzation L as a func t i on  o f  H/T f o r  specimen No. 5. 
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